Summary
In The H2 currents alone were then recorded at various inspired PH2's and the coronary blood flow was calculated by using the saturation and desaturation curves of PH2. It was revealed that the change in the inspired PH2 caused no remarkable influence on the calculated value, and that the desaturation curve gave more reliable values for the blood flow than the saturation curve.
As an application of this electrode the coronary blood flow was measured under hypoxia over a 2 hour interval. As the result it was shown that the coronary blood flow was significantly increased during continuous hypoxia of over 2 hours compared with that in air respiration.
To develop a simple method for measuring blood flow through organ tissue a H2 catheter electrode was designed. Namely, a Pt electrode and a silver ring reference electrode were attached as a small assembly to the tip of a conventional heart catheter and covered with a thin Teflon membrane. The catheter electrode was designed with the expectation that, when it is inserted in an organ vein the H2 tension, PH2, in the venous blood could be recorded continuously to allow for calculation of the average blood flow through the tissue of the organ according to the method of KETY and SCHMIDT (1945) .
When the Pt and reference electrodes are connected with a high resistance circuit, the current flowing through them varied logarithmically with PH2. On the other hand, when the external resistance between these electrodes is lowered, it is known since the study of HAMMETT (1924) that the current becomes linearly proportional to PH2, which current may be referred to as the H2 oxidation current. The application of the H2 oxidation current to circulatory research was first proposed by CLARK and BARGERON (1959 a, b) and has been employed for the detection of myocardial septal defects. Further, HEYMAN (1961) stated that the H2 current was stable in blood and proportional to PH,. Later on, AUKLAND et al. (1964 AUKLAND et al. ( , 1968 AUKLAND et al. ( a, 1968 designed a needle type and catheter tip electrodes by which he detected the blood flow through the kidney under laparotomy. LUB-BERS (1968) measured the regional cerebral blood flow by use of a needle type electrode. GOTOH et al. (1966) covered the electrode tip with a teflon membrane which they inserted into a bypass tubing of the jugular vein to the right atrium and measured the cerebral blood flow. Thus, the H2 current seemed fairly promising as a means of measuring blood flow through organs and we also followed their method. As a result, however, we found that the linearity and the rapid response were fairly difficult to be obtained. Thus, the investigation was extended to clarify the characteristics of the H2 current in saline solution with the intent of finding a practical method for measuring blood flow through organs. The reproducibility, stability, linearity and response time of the H2 current were examined in detail by varying the external resistance and applied voltage under constant PO2's. The influences by the above factors were complicated and have not completely been analyzed as yet. But insofar as the technical precautions could be attained to maintain the measuring conditions constant, the H2 current was reproducible.
The applicability of the present method to the blood flow determination was tested by simultaneous determination of coronary blood flow by use of both the H2 and N2O methods. Next, the coronary blood flow was determined under hypoxia in anesthetized dogs by inserting two H2 catheter electrodes in the coronary sinus and the aorta, respectively. The present method merely requires a conventional coronary sinus catheterization without subjecting the dogs to a severe surgical operation such as opening of the chest. Thus, the present method was found to be convenient for measuring the coronary blood flow during a long duration of severe hypoxia. The coronary vasodilating effect of hypoxia has hitherto been frequently studied, but it remains unknown as to whether the coronary blood flow can be maintained at a high level during a long run of severe hypoxia. Figure 1 shows the structure of the newly designed catheter electrode. The Pt electrode consists of four Pt wires 50 micra in diameter which were fused in a thin glass-rod. The glass-rod in turn was inserted into a silver cylinder. This assembly was inserted again into the inner lumen of the tip of a 6F or 7F catheter and fixed with epoxi-resin. Both electrodes were separately led to an amplifier through the catheter lumen. The open cut end was ground semiroundly using extra fine emery paper (CC-400), in such a way as to expose the smooth cut ends of the Pt wires and the silver ring. The electrode tip was further polished by a metal polishing material" Pikal" spread over filter paper. The Pt electrode tened gas mixtures with various PH2's and PO2's were allowed to flow through a bubbling vessel to saturate the gas mixtures with water vapor and were then led into the tonometer ball. H2 gas mixtures were prepared by mixing H2,N2 and O2
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and stored in high pressure bombs. The H2 and O2 contents in the gas mixtures were determined by use of gas chromatography for H2 and Scholander's gas analyser for O2, which are shown in Table 1 .
The solution in the tonometer was stirred continuously by eccentric rotation. syringe and it was drawn at a constant rate of 0.9ml/min. The syringe was replaced at 3 minutes before and 0, 3, 6 and 12 minutes after starting the desaturation process. The same method was used for sampling the arterial blood from the aorta.
The N2O concentration was analysed by a Van Slyke's apparatus. The N2O values were regarded as representing those at 0, 1.5, 4.5, 7.5 and 10.5 minutes of the desaturation process.
(2) Response to a stepwise rise of PH2 in the inspired gas. In order to obtain the H2 calibration curve in vivo, gas mixtures containing H2 of 4. 63, 8.49, 14.46 and 18.71% and O2 of the air level were respired. These gas mixtures were inspired alternatively with room air by anesthetized dogs. One catheter electrode was placed in the aorta and another in the coronary sinus. H2 currents were continuously recorded. The H2 saturation curve which was necessary for calculating the blood flow under hypoxia was obtained by inhaling a gas mixture of 4.11% H2 and 6.71% O2 and a balance of N2, while the desaturation curve was obtained by changing the above gas mixture to a H2 free N2 gas containing 6.72% O2. The gas mixtures were carefully prepared, so as not to cause any change in the inspired PO2 during the measurement. Thus, the dogs were maintained under a constant hypoxic state over one or two hour intervals and the coronary blood flow was intermittently determined under this continuous hypoxia.
(3) Calculation of blood flow. When a dog inhales the H2 gas mixture, the venous blood respectively, and u is the time when the Pv reaches PI,. Thus the blood flow Q may be given by
As the fractional ratios Pa/PI and Pv/PI can easily be obtained from the actual records of Pa and Pv, the integral of Eq (1) can be obtained by measuring the areas of the respective saturation curves. For practical purposes the Q value was multiplied by 100, thus, the blood flow was expressed by the flow volume through 100ml of tissue per 1 minute, namely, by the unit of ml/100ml/min (KETY and SCHMIDT, 1945) .
RESULTS
1)
In vitro tests Figure 3 shows the actual records of H2 current observed when the PH2's in the tonometer was repeatedly changed from 0 to 42.4mmHg or from 0 to 84.7 mmHg or vice versa. The Po2 was fixed at about 70mmHg and the applied voltage to the Pt electrode was-0.1V.
At PH2 of 0mmHg a small negative current flowed through the Pt electrode. When the PH2 increased, the current shifted clearly in a positive direction. As seen in these curves the H2 current was reproducible within less than a 3% deviation. The fluctuation of the base line, namely the current at PH2 of 0mmHg, was less than 2mmHg over a 50 minute interval. A similar response and reproducibility were observed also under Po2 of about 150mmHg. When a plus voltage of 0.3 to 0.7V was applied to the Pt electrode, the current became positive even in a H2 free solution. With the increase of PH2, the positive current increased clearly. In Fig. 4 (2) Stepwise rise of PH2 in inspired gas. Figure 8A shows the responses to the change of H2 concentration of the inspired gas which were obtained through the two electrodes placed in the coronary sinus and aorta . The H2 current increased with the increase in PH2 almost linearly as shown by the calibration curves of Fig. 8B . Coronary blood flow was then calculated from these curves during both the saturation and desaturation processes. Flow rates obtained from the curves are summarized in Table 3 , showing similar values regardless of the PH 2 change in the inspired gas. Especially, when the desaturation curves were used in the calculation, the calculated values agreed well. However, when the saturation process was used, the calculated values gradually decreased as the PH2 increased.
(3) Effect of continuous hypoxia on the coronary blood flow. Figure 9 shows an example of repeated recordings of H2 curves under hypoxia. In the control measurement made during room air respiration the changes of the H2 curve of the coronary sinus was slow and the coronary blood flow was calculated to be 108.2 ml/ 100ml/min. But, after the start of hypoxic respiration, the H2 curve of the coro- Table 3 . Coronary blood flows calculated from the saturation and desaturation processes of the H2 curves in Fig. 8A . nary sinus clearly showed rapid changes. The sequential records of H2 curves. showed similar rapid changes and the calculated blood flow ranged from 561.8 to 625.0ml/100ml/min with the mean value of 589.8ml/100ml/min and the standard deviation was 22.7ml/100ml/min. This deviation corresponded to only 3.8% of the mean value. The H2 currents in the arterial and venous curves also were reproducible within a 5% deviation over a 30minute interval. Table 4 summarizes 6 series of continuous hypoxia tests. In each series the values obtained within the first 10 minutes of hypoxia was greater than those thereafter . It may be seen that the values calculated in the following periods were similar in each series but slowly decreased during the long run of hypoxia. In spite of such a gradual decrease, however, the large values of the coronary blood flow were obtained even when the hypoxic respiration was continued for 2 hours . The average of these values exceeded that of the control by more than 150%. The time courses of the heart rate and mean aortic pressure are shown in Table 5 . Both of them decreased gradually, and after 2 hours the heart rate showed no significant difference from the control value. The mean aortic pressure exceeded its control value by only 14%. This figure was clearly smaller than the one found in the coronary blood flow. Table 4 . Coronary blood flow under continuous hypoxia.
The SD and P are standard deviation and P-value of Student's t-test respectively. Table 5 . Average values and standard deviation of heart rate and mean aortic blood pressure in the hypoxia test.
DISCUSSION
The covered H2 catheter electrode showed proportional and reproducible resonses to the PH2, at the applied voltage of-0.1V as far as PO2 was kept constant. However, at a low P., range near 0mmHg linear proportionality failed, although reproducibility was observed. In any events, the current flowing through the covered electrode depended mainly on the PH2, in the solution. The reason for failure of linearity near 0mmHg of PO2 will be investigated and be published elsewhere. The recorded H2 current curves in Fig. 3 showed regular rises and falls according to the applied PH2's. The deviation from the mean H2 current observed in such in vitro recordings was smaller than 3%. The fluctuation of the base line was less than 2mmHg over the 50minute period. Such a reliable reproducibility and linearity of the H2 current were ascertained also in animal experiments. When the catheter electrodes were inserted in the aorta and the coronary sinus of anesthetized dogs, the deflection of the H2 curves were reproducible within a 5% deviation even under severe hypoxia where both the heart rate 
